Abstract: Ten different amines of different molar mass and structure were deposited from aqueous and methanolic solutions of different concentrations onto two types of carbon aerogel. Thermogravimetric analysis (TGA) was used to quantify the loading, thermal stability and CO 2 capture capacity of the materials. Our results show that the amount of amine deposited did not depend on the solvent used, but was generally greater from more concentrated solutions, and increased with increasing molar mass. Deposition of amines was principally achieved by adsorption onto the mesopore walls, but without complete pore filling, and also, in some cases, by adsorption in the aerogel micropores. It was also concluded that the thermal stability of the amines deposited on the walls of the mesopores was independent of the solvent used, concentration or aerogel type. Preliminary studies of CO 2 adsorption-desorption were carried out and a good correlation between ln(C n ) and 1/T, where C n is the capacity at temperature T, was found. This enabled direct comparison to be made with published results obtained at different temperatures, and it was found that those obtained in this work were highly comparable with others found for amine-impregnated porous materials with similar amine loadings.
INTRODUCTION
Currently, the most widely used process for capturing CO 2 from flue gases involves postcombustion wet-scrubbing with aqueous amine solutions. Some of the disadvantages of this process are toxicity, strong odour and corrosiveness of liquid amines as well as the difficulty of recycling. With the objective of overcoming such problems there has been an increasing interest in the development of solid adsorbents that can be used in alternative CO 2 capture and separation processes and a number of significant reviews have been published in the last few years (Choi et al. 2009; D'Alessandro et al. 2010; Hedin et al. 2010) . One common strategy has been to deposit amines on high surface area porous carbons (Zinnen et al. 1989; Liang et al. 1995; Aroua et al. 2008; Nabais et al. 2008; Grondein and Bélanger 2011; Khalil et al. 2012) or onto other porous solids (Xu et al. 2002; Zhang et al. 2005; Gray et al. 2008; Zelenak et al. 2008; Chatti et al. 2009; Mello et al. 2011; Aziz et al. 2012) . In our work, we have used carbon aerogels as the solid adsorbent because they are monolithic and have a high surface area contained within a uniform and controllable mesopore structure. Our aim was to compare a range of amines of different molar mass and structure and to establish the level of deposition from different solutions, in order to evaluate the thermal stability of the deposited amines and to obtain a preliminary evaluation of the performance of the materials for adsorption and subsequent desorption of CO 2 .
EXPERIMENTAL SETUP

Materials
Polymer aerogels were prepared from 2,4-dihydroxybenzoic acid (DHBA) or resorcinol (R) and formaldehyde (F) under basic conditions using the procedure described by Carrott et al. (2012) . Carbon aerogels were obtained using a vertical tube furnace by heating individual monoliths in a 90 cm 3 min -1 N 2 flow to 1073 K at a rate of 5 K min -1 and maintaining the monoliths at this temperature for 180 minutes. The temperature was then allowed to fall below 323 K before removing the carbon aerogel from the furnace.
Amines of different molar mass and structure were obtained from Sigma Aldrich and some of their relevant properties are given in Table 1 . For most samples, the normal boiling temperatures are experimental values obtained from their respective data sheets. The exceptions are the values for N,N′-bis(3-aminopropyl)-1,3-propanediamine (TPTA) and 2-amino-2-methyl-1,3-propanediol (AMPD), which are calculated values obtained from the ChemSpider database, and that for polyethyleneimine (PEI), which was estimated here by TGA from the temperature at the maximum of the derivative thermogravimetric (DTG) curve. In addition, for the polymeric amine, PEI, the molar mass given is the number average molar mass. The amines were introduced into the carbon aerogels by impregnation. The desired amount of amine was dissolved in water or methanol, obtaining solutions of concentration 50% or 20%, which were mixed with the carbon aerogel monolith at 298 K for 60 minutes. After decantation of the excess liquid, the samples were dried in a vacuum oven at 313 K. 
Methods
Carbon aerogel samples prepared according to the procedure used here have featured in previous work (Zubizarreta et al. 2009; Marques et al. 2011) . Characterization by N 2 adsorption at 77 K, and analysis of the adsorption isotherms by the α s , Barrett-Joyner-Halenda and quenched solid density functional theory methods indicated apparent micro/mesopore volumes of 0.18/1.89 cm 3 g -1 and 0.16/2.58 cm 3 g -1 for DHBAF and RF aerogels, respectively. A Perkin-Elmer STA6000 thermogravimetric analyzer was used to evaluate the aminemodified samples. Samples of approximately 20 mg were heated at 20 K min -1 from 323 to 1073 K under a 20 cm 3 min -1 He flow. The CO 2 adsorption and desorption performance of the aminemodified samples was also evaluated using the Perkin-Elmer STA6000. CO 2 capture tests at 308, 348 and 373 K were carried out to evaluate the suitability of the samples for cyclic operation. In the latter case, the sample mass was allowed to stabilize at the selected temperature and then the carrier flow was changed from He to CO 2 in order to measure the rate of adsorption. Once the mass is stabilized, the carrier gas was changed back to He in order to measure the desorption rate of CO 2 . Several cycles of adsorption/desorption were performed. Blank experiments were also carried out to determine a buoyancy correction.
RESULTS AND DISCUSSION
Amount of Amine Deposited
For all samples, it was found that the loss in mass during the various thermogravimetric runs was complete, or virtually complete, by 873 K. Preliminary experiments, i.e. without amine deposition, were also carried out, which showed that the mass of carbon remained constant up to at least 873 K for both aerogels. Therefore, for each sample, we took the mass recorded at 873 K as the mass (m c ) of carbon. The TGA curves were then plotted in the form (m-m c )/m c , where m was the recorded mass at temperature T, as a function of T. Figure 1 shows representative TGA and corresponding DTG curves, namely for PEI and AMPD deposited on the surface of the DHBAF aerogel and pentaethylenehexamine (PEHA) deposited on the RF aerogel surface. For most samples, loss of mass occurs over two temperature ranges. The first DTG peak, missing from some samples, such as AMPD on the DHBAF aerogel in Figure 1 , occurs at approximately 350-400 K, and this is most likely due to the desorption of excess solvent. This mass loss is complete at a temperature below 423 K and, for most samples, the second mass loss only begins at a higher temperature. Therefore, we have taken the mass at 423 K on Figures 1(a) -(c), and similar graphs for the other samples, as the mass (m a ) of amine initially deposited per unit mass of unimpregnated carbon aerogel adsorbent. It can be converted to the % amine deposited per gram of impregnated adsorbent (X a ), generally referred to as the wt% amine loading, using the following relationship: X a = 100 m a /(1 + m a ).
It was found that the amount of a given amine deposited from aqueous or methanolic solutions of equal concentration was not significantly different and in Figure 2 we have therefore used average values of m a . Figures 2(a and b) show results for the DHBAF and RF aerogels, respectively, and in each case, the amount of amine deposited from 50% and 20% solutions is shown as a function of the molar mass of the amine. Tendency lines for deposition from 50% solutions are also included as a guide and the lines indicate that, in general, the mass of amine deposited increases with increasing molar mass. On the other hand, there is a significant scatter about the overall tendency. The deposition of the cyclic amine 1,4-diazabicyclo(2,2,2)octane shows a particularly negative deviation, while that of AMPD, a primary amine which also includes two OH groups, shows a particularly positive deviation when deposited from 50% solutions on the DHBAF aerogel surface. It is also particularly interesting to note from Figure , are not shown in Figure 2 . With this amine, on both types of aerogel and both 50% and 20% solution concentrations, the amounts deposited fell well below the tendency lines. In fact, they were in all cases slightly lower than the amounts of PEHA (molar mass 232 g mol -1 ) deposited on the corresponding samples. It is interesting to note that, despite the almost threefold difference in molar mass, the normal boiling temperatures of PEI and PEHA are quite similar.
If the amount of amine deposited is converted to an equivalent liquid volume, using the values of density given in Table 1 , in all cases it is found to be less than, and for the lighter amines considerably less than, the mesopore volumes of the aerogels. These results suggest that the amines were deposited on the surface but without completely blocking the internal pore structure of the aerogel monoliths. It can also be seen from the figure that the amount of amine deposited from 50% solutions is usually greater than or, particularly for the lighter amines, almost equal to, that deposited from 20% solutions. This tendency is also evident from the representative TGA curves given in Figures 1(a)-(c) . Furthermore, it can be seen by comparing Figures 2(a and b) that the amount of amine deposited is in most cases much higher on the RF aerogels in comparison with the DHBAF aerogels. In fact, the slopes of the tendency lines on Figures 2(a and b) are approximately 2.5 and 5.3 mmol g -1 , respectively. The ratio of these values is somewhat greater than the ratio of micro-or mesopore volumes of the DHBAF and RF aerogels used here. However, a higher deposition on RF aerogels would be expected, as previous results have shown that the mesopore volumes of RF aerogels can be two or more times higher than those of DHBAF aerogels prepared under similar conditions (Carrott et al. 2012) .
Thermal Stability of Deposited Amines
The position of the second DTG peak is similar for DHBAF and RF aerogels with deposition from 50% or 20% solutions, but is highly dependent on the amine deposited. In Figure 3 , the temperature of the maximum of this peak is plotted as a function of the normal boiling temperature of the amine. A line of unit slope is also shown on the figure and it can be seen that most of the experimental points lie below this. That is, for most of the amines, desorption occurs at temperatures below the normal boiling temperature. Ethanolamine is the only amine that gives a desorption temperature higher than the normal boiling temperature. For all amines, these results provide additional evidence that they are physically adsorbed onto the walls of the mesopores of the aerogels.
Figure 4 presents some more representative TGA curves in a normalized form for a series of different amines adsorbed on the RF aerogel. On the one hand, the figure confirms that desorption of the amines occurs at progressively higher temperatures as the molar mass and normal boiling temperature increase. On the other, the figure also indicates that a small fraction of the deposited amine is strongly adsorbed. In most cases approximately 90-95% of the amine is removed below 228 L.M. Marques et al./Adsorption Science & Technology Vol. 31 No. 2/3 2013 Figure 3. Thermal stability of deposited amines: variation of temperature at maximum of DTG curves, T 2 , as a function of normal boiling temperature, T b , of corresponding amine. Solid line has unit slope.
673 K. However, complete desorption is not achieved until close to 873 K. This is particularly evident with amines such as TEPA, shown on Figure 4 , where the main desorption occurs below about 573 K, but this is then followed by a slow continuous desorption that extends up to 873 K. We believe that these results are an indication that at least a small fraction of the amines are deposited not only on the mesopore walls but also within the micropores of the aerogels. The gradual mass loss over the upper temperature range would then correspond to desorption from the micropores.
Adsorption and Desorption of CO 2
For the preliminary tests of CO 2 capture, the DHBAF aerogel with AMPD deposited from 20% aqueous solution was chosen for a number of reasons, including its desorption temperature being close to its normal boiling temperature, it does not appear to adsorb in the aerogel micropores and the mass of amine deposited, m a = 0.22 g g -1 (equivalent to an amine loading, X a , as defined earlier, of 18%), is close to the tendency line on Figure 2 . During repeated adsorption/desorption cycles, it is probable that the physisorbed amine will gradually be leached from the adsorbent. Hence, with the aim of verifying that no major alteration occurred during preliminary testing, two cycles were carried out and it was found that, at least at the higher temperatures used, the results were not significantly different.
The two adsorption-desorption cycles of CO 2 at 308, 348 and 373 K are shown in Figure 5 . In all cases, the adsorption is relatively rapid, reaching about 90% of full capacity 2 minutes after switching the carrier gas from He to CO 2 . By contrast, larger differences are found in the desorption time. At 308 K, the CO 2 is not completely desorbed even after 10 minutes, whereas at 373 K complete desorption occurs within approximately 3-4 minutes. At the higher temperatures of 348 and 373 K, each adsorption-desorption curve is the same, indicating complete regeneration of the adsorbent without significant loss of performance.
The CO 2 capacity per gram of impregnated adsorbent, C n , at 308 K is 1.59 mmol g -1
, which is equivalent to C m = 70 mg g -1 , and is comparable to the best results obtained by other authors under similar conditions. To facilitate comparison with results obtained using amine-impregnated carbon materials, we have plotted values of ln(C n ), where C n is the reported adsorption capacity in units of mmol g -1 , measured at a CO 2 and total pressure of 1 bar, as a function of 1/T, where T is the adsorption temperature in Kelvin. Our results and others taken from the literature (Siriwardane et al. 2001; Przepiórski et al. 2004; Pevida et al. 2008; Zhu et al. 2012) are shown in Figure 6 . It can be seen from the figure that there is a reasonable linear correlation between ln(C n ) and 1/T, which is an extremely useful observation, as it allows us to compare published CO 2 capacities, which are frequently determined at different temperatures by different authors. The tendency line on the figure was calculated from our results and it can be seen that all the points for the published data lie reasonably close to the same tendency line. That is, the figure indicates that the results obtained in this work are comparable to some of the best obtained by other workers using amineimpregnated carbons.
CONCLUSIONS
In the work reported here 10 different amines of different molar mass and structure were deposited from aqueous and methanolic solutions on two types of carbon aerogel. It was found that the amount of amine deposited did not depend on the solvent used, although it was generally greater from more concentrated solutions. It was found that the amount deposited increased with increasing molar mass and that physical adsorption onto the mesopore walls, but without complete pore filling, occurred. Some stronger adsorption in the aerogel micropores was also observed. The thermal stability of the amine deposited in the mesopores was independent of the solvent used, concentration or aerogel type and desorption of the amine occurred in most cases at temperatures slightly below its normal boiling temperature. Preliminary studies of CO 2 adsorption-desorption were very promising. It was shown that there exists a linear correlation between ln(C n ) and 1/T, which enabled direct comparison to be made with published results obtained by other authors at different temperatures. On the basis of this comparison, it was found that amine deposition on these carbon aerogels can lead to preparation of materials with CO 2 capture performance highly comparable to some of the best obtained by other workers who studied amine-impregnated porous materials with similar amine loadings. (Siriwardane et al. 2001; Przepiórski et al. 2004; Pevida et al. 2008; Zhu et al. 2012) .
